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Abstract

A powerful new verification technique determines the measure-
ment accuracy of scattering parameter calibrations. The technigque
determines the relative reference impedance, reference plane
offset, and the worst-case measurement deviations of-any calibra-
tion from a benchmark calibration. The technique is applied to
several popular on-wafer scattering parameter calibrations, and the-
deviations between those calibrations and the thru-reflect 1line:
calibration are guantified.

Introduction

Although the microwave scattering parameters (S-parameters) of
a device embedded in a tranemission line may be measured accurately
with the thru-reflect-line (TRL) calibration +the bandwidth
limitations associated with TRL and the difficulty of fabricating
and measuring precision TRL standards make its use inconvenient in
some production environments. As a result, other calibration
methods, such as open-short-load-thru (OSLT), line-reflect-match
(LRM) [1,2], or line-reflect-reflect-match (LRRM) [3], are
commonly used, especially for on-wafer testing.

The TRL calibration requires a thru line long enough that only
a single mode propagates at its center, a longer line, and two
identical reflects. To ensure a consistent calibration, the probe-
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tip transition and the lines are fabricated to be nearly identical
to those in which the device is embedded. In contrast to a
consistent TRL calibration, many of the commonly used on-wafer
calibrations are based on lumped elements and transmission lines
fabricated on different substrates. Since these calibrations do
not involve the actual probe-tip transitions and transmission lines
used in the measurement, they might not accurately measure the
actual scattering parameters of the device.

In this paper, we develop a technique for guantifying the
wifferences between S-parameter measurements made with respect to
any two vector network analyzer (VNA) calibrations. We apply the
technique to the comparison of LRM, LRRM, and OSLT calibrations to
a benchmark TRL calibration. In the experiments, the benchmark TRL
calibration is based on a set of coplanar waveguide (CPW) transmis-
sion 1lines with measured characteristic impedance and well-
controlled dimensions.

In one experiment, we show how actual measured deviations of
passive mlcrostrlp circuits compare to the worst case bounds
developed in the paper.

Verification Technique

A two—-port VNA in which the switching and isolation errcrs are
either negligible or have been completely accounted for by some
correction algorithm provides a measurement M; of the product of
three matrices [4]

M, = XT, 7, (1)

where the reverse cascade matrix of Y is

?’:[o llyﬂ{o l], {2)
10" [1o

and T; is the cascade matrix of device i. The calibration proce-
dure consists of connecting a number of devices whose cascade
matrices T; are assumed to be known. When encugh measurements M,
are available, approximations to the matrices X and Y are deter-
mined.

Let ™ be the cascade matrix of a device measured with respect
to a calibration M, T® its cascade matrix measured with respect to
a benchmark callbratlon, and T° its actual cascade matrix. Then
(1) shows that T, T® and T° must be related by



TM = xBTBYE = yoroyo | (3)

The matrices X°, ¥°, X®, and ¥® in (3) are independent of the device
under test and are determined by the calibrations. The verifica-
tion is based on determining these matrices.

The verification begins with a VNA calibrated with initial
calibration M. Subsequently, a benchmark calibration based on
precise transmission lines is performed with respect to calibration
M using the two~-tier multi-line TRL calibration of Marks ([5].
This procedure determines X® and Y2.

Marks and Williams [4] show that the TRL calibration provides
a direct measurement of the cascade matrix T° when the same lines
and transitions connected to the device under test are used in the
calibration and when there are no random measurement errors or
unaccounted-for switching and isolation errors. They also show
that those cascade parameters are measured with respect to a refer-
ence plane in the center of the thru 1line, whose length we
designate 21,, and a reference impedance which is equal to the
characteristic impedance Z, of the line. Since this.is true for
all devices embedded in the line, T®=T° for all matrices T°,-and
therefore XB=X° and YB=Y°. '

From the preceding argument we see that X® and Y® are good
approximations’ to the matrices. X°: and ¥°. This is true only. when
the same transitions and lines connected to the device are employed
in the TRL calibration procedure, however. Thus the "correct®
benchmark is the TRL calibration using the same lines and transi-
tions as are actually connected to the device.

The matrices X° and Y° describe the differences between
measurements performed with respect to the initial calibration M
and the actual S-parameters of the device. If the calibration M
measures the actual S-parameters, then X°=Y¥°=I, the identity matrix.
Deviations from the identity matrix may occur for a number of
reasons. For instance, a TRL calibration may not be perfect due to
random connector and other measurement error. In that case, X° and
¥° represent these random errors.

"Two calibrations may also differ systematically due to
differences in reference plane or reference impedance. Then, we
may find it more informative to compare measurements performed with
respect to calibration M not to the actual cascade matrix but
instead to a transformed version in which the reference plane and
reference impedance have been adjusted. Of particular interest are
fixed reference planes and real and constant reference impedances

[4].

Let T(Z,1) be the result of a transformation of T° to refer-
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ence planes 1 and to reference impedance Z. . Then

T° = R{(Z,1) T(Z,1) R(Z,1) , (4)
and
T* = X°T°Y° = {X°R(Z,1)] T(Z,1) Y°R(Z, 1) , (5)
where
1

SR
o) e'!(l-lo) '

(7)

oY1l pg-vil-1;)
r
Dettl-led  gY(l-1,)

Z-Z
r = .___.2, (8)
Z+Z,

and ¢ is the propagation constant in the transmission line. The
reference plane positions have been defined so that an increasingly
positive position is farther from the analyzer.

Estimates of Reference Impedance and Reference Plane Position

We have derived estimates for the reference impedance Z, and
reference plane position Iy of calibration M from X° or ¥°. The
estimates for the reference impedance and reference plane from X°
are

Po= X%,X%,-1 = X%1X %1, (9)
x XX %, 1+X°%, X%,
and
Ix -7 . Im (In(X°,,/X°,)) (10)

e 2Im(y) !
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where the estimate of 2, is related to the estimate (9) by (8).
The estimates for the second port are identical except that the
elements of X° in (9) and (10) are replaced by the corresponding
elements of Y°.

For many calibrations, we expect the reference impedances and
reference plane offsets at each port to be identical. Then the
estimates

r - Dl (11)
2
and
I= j";rf , (12)

are most appropriate. In many cases the reference plane is also
expected to remain constant as a function of frequency, so it is
appropriate to consider the estimate '

}: {Im(y ;) I'ji
1, = =2 ' {13)

E lIm(Yi) I

where i spans the set of measurements over which X° and Y° are
known.

Worst-case Deviations
We have also derived worst~case deviations of the measured S-
parameters S"; (corresponding to the cascade matrix T") and the

impedance and reference plane transformed S-parameters S;; (corre-
sponding to the cascade matrix T(Z,1l)) in terms.of the elements of

8% = X°R(Z,1)-I; 8Y=Y°R(Z,1)-T. . (14)

The derivation assumes that |S;;|<1, which is true for passive
devices when the reference impedance is real at each port. The
worst-case deviations are

|SM -S| & €yy = [65 ~ 8%, [+[8%, [+[6%,]+[8%,] . - (15)



S L ey = [8%,- 8%, |+[8%,,|+]8%,] . (16)
21
S¥ -5
; 22, 22| Le,s= [5 1= 8 22'*'5 A+18%.1 (17)
12
and
|5¥5=5,2] & €y = [8%;~ 5Y22,*|5 L1 |10, +[0%, ] & (18)

where we have used the symbol ¥ to indicate that the inequalities
are strictly valid only when |sxu]<<1 and |é%;|<<1. We will also

use the bound

|S¥:3=S;] £ e(Z,1) = max (€p,) - (19)

In (19) we: have added the arguments Z and 1 to explicitly reflect
the dependence, through R, of € on the reference impedance .and
reference plane position of the transformed benchmark:calibration.

Experimental Results

We have applied the verification technique to a number of
different on-wafer calibrations, which we denote as the LRMg,.,
LRMappnires OSLT, LRRM, and TRL calibrations. The calibrations were
compared to benchmark TRL calibrations based on a CPW thru line of

550 um length, five lines of additional length 2.135 mm, 3.2 mnm,
6.565 mm, 19.695 mm, and 40 mm, and two shorts offset 0.225 mm from
the beginning of the line. These calibration standards were all
fabricated uvn a 500 um thick Gads wafer and had a center conductor
of width 73 um separated from two 250 um ground planes by 49 um
gaps in the 1.5 um thick gold metallization. The benchmark
calibrations were performed using the multi-line TRL calibration
algorithm of Marks [5]. The capacitance of the lines was found
from the resistance per unit length of the lines, as explained in
[6]. The characteristic impedance Z, of the CPW lines was found
from the capacitance and propagation constant of the 1lines as
explained in [7].

LRM calibrations always transform the thru used in the
calibration into a perfect thru and the match (resistor) used in
the calibration into a reflectionless load. Thus the shift of
reference impedance cannot be detected by remeasuring the calibra-
tion standards with respect to the LRMg,. calibration. This makes
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these shifts in reference impedance difficult to detect except by
comparison to another calibration or by the measurement of other
artifacts. The LRM,,. calibration demonstrates this clearly.

The LRM;.., calibration used the same CPW thru line and CPW
short as the TRL benchmark. 1In addition, a single small resistor
embedded in CPW 1line on the same wafer was used as the match
standard and served to set the reference impedance for the
calibration, as explained in [4]}. The resistor consisted of a
single 73 um-by~-73 um square of resistive material placed at the
end of the 1line. In Figure 1, the estimates of the reference
impedance of the LRM;,, calibration are plotted.

The shift in the real part of the reference impedance shown in
the figure is caused by the resistor, which has a variable
resistance as a function of frequency. The variation is caused by
photoresist residue left between the gold conductor and the thin-
film resistor by the lift-off process used to pattern the gold
conductor. Although only the small amount of photoresist residue
typical of 1lift-off processing was present, its effect on the
electrical properties of the resistor is large. In this experi-
ment, so little photoresist residue was present that it could not
be detected with convaentional optical microscopy.

Slnce the LRM;., Calibracion used the same thru and reflect as
the benchmark calibration, its reference impedance ‘must, in - the
absence of measurement errors, be equal to the load- 1mpedance of
the resistor [4,8]. We measured the impedance of the .resistor and
plotted its real part in the same figure for comparison. The
difference between these measurements is negligible. The imaginary
parts showed similar agreement.

The OSLT and LRM,,ppnizs Calibrations were performed using a
sapphire substrate. In the OSLT callbratlon, metallized bars were
used for the shorts, probe tips suspended in the air for the opens,
precise 50 1 resistors for the loads, and a short section of
nominally 50 1 line for the thru. The OSLT calibration was
performed following the procedure and standards definitions of the
manufacturer. In the LRM,,mi-. Ccalibration, metallized bars were
‘used for the reflects, a precision 50 O resistor for the match, and
a short section of nominally 50 2 CPW for the thru.

i The LRRM calibration was performed on an alumina substrate.
The reflects consisted of short (short metallized bars) and opens
(probe tips raised in the air). The match was a precise 50 0

resistor measured only on port 1 and the thru a short section of
nominally 50 2 CPW. As explained in [3], the inductance of the
resistor was determined from the measurement of the open. The
experiment was performed on a different instrument, by a different
operator, using a different set of lines on the GaAs wafer than in



the other experiments. The 40 mm line was also omitted from the
benchmark calibration in this case, degrading its low frequency
accuracy. :

The OSLT and LRRM calibrations are designed so that the
reference planes are near the probe tips. The probe tips were
placed so that they were located at a position approximately 25 un
in front of the physical beginning of the benchmark standards.
Using the beginning of the benchmark standards as a reference, we
have plotted the estimates of i1 in Figure 2 for the LRRM and OSLT
calibrations. Figure 2 shows that the reference planes for the
OSLT and LRRM calibrations lie approximately 30 and 18 um in front
of that point, respectively, a position very near the physical tip
of the probe.

In Figure 3 we have plotted ¢(50 0,1,) for the LRM_,.,..,, OSLT,
LRRM, and TRL calibrations. In the absence of measurement error,
the plotted values represent the maximum deviation between
measurements of a passive device and the actual S-parameters of the
device measured with respect to a 50 2 calibration at the reference
plane: 1,.

The .maximum deviation between .the TRL calibration and its
nominally identical benchmark, labeled "TRL"™ in the' .figure, is
plotted to give an indication of. the random measurement.errors in
our test setup and of errors arising from an incomplete: correction
for: the switching or isolation errors of the VNA and piobe 'station.
Neither the LRRM nor the TRL calibrations deviate gréatly ‘from the
benchmark calibration. Thus, some lumped-element calibrations can
be nearly identical to the TRL calibration.

In contrast, the LRM,,mn;,e and OSLT calibrations deviate
significantly from the benchmark calibration, especially at the
high frequencies. 1In Figure 4 we have plotted ¢(Z,1) for the OSLT
and LRMg,mmize Calibrations. This shows that the deviations of the
OSLT and LRM ;. Calibrations from the benchmark calibration
remain even when the reference impedance Z and reference plane 1
are optimally chosen at each frequency. Since the calibrations are
not related by an impedance transform to the benchmark, the cause
of the deviations cannot be due to a neglect of the load reactance.
The cause of these deviations has not yet been determined, but
could be due to the use\of a sapphire rather than an alumina
substrate, to inaccurate probe placement, or to some unidentified
factor affecting the accuracy of these calibrations.

Error Bounds

We also'performed a study to determine how, actual measured
deviations compared with the worst-case bounds given in (15) and
(16). The test wafer fabricated for the Software Validation



Project described in [9], which contained a large number of
paseive structures typical of those commonly used on MMICs,
provided the test vehicle for the study.

We began the experiment by performing two TRL calibrations.
The first was a TRL calibration in CPW. This calibration is not
expected to account for the effect of the via-holes which comprise
part of the probe tip-to-microstrip transition. The second was
microstrip TRL calibration performed in the lines fabricated on the
wafer containing the test structures. This calibration served as
benchmark for the experiment. In contrast to the CPW calibration,
the benchmark calibration does correct for the via-hole transition
and measures the actual S-parameters of the devices in the
microstrip lines. In both cases we transformed the reference
planes to a position near the probe tips and transformed the
reference impedances to 50 Q.

We then measured the S-parameters of the passive and primarily
two-port test structures with respect to these two calibrations and
plotted the differences in solid lines in Figures 5 and 6. We also
determined the worst-case error bounds €,, and €,,, which we have
plotted on the same graph for comparison. The figure shows that
the actual deviations are indeed bounded by ¢,; and €,;,. In many
cases, the measured deviations approach the bounds e€,, .and €,,,
showing that they are representative of actual measured.deviations
for typical passive MMIC structures.

Conclusion

In this work we have explored a powerful new technique for
verifying calibrations. The technique determines the reference
impedance, reference plane position, and worst-case deviations of
measurements. Furthermore, these worst-case bounds on the
deviations are representative of actual deviations for typical
passive microwave circuits.

A number of on-wafer calibrations based on lumped elements on
different media were compared to a benchmark TRL calibration
performed in CPW. These calibrations give similar results below 10
GHz. The data indicate that, even above 10 GHz, lumped-element
calibrations may agree closely with the CPW calibration. A
comparison of a CPW calibration to a microstrip calibration,
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though the reference plane positions were moved to a location near
the probe tips and the referehce impedances were both set equal.
These large discrepancies suggest that the CPW calibration did not
accurately account for the effects of the via-hole transitions used
in our experiment.



References

1. H. J. Eul and B. Schiek, "Thru-match-reflect: One result of a
rigorous theory for de-embedding and network analyzer calibration,"®
Proc. 18th European Microwave Conference, pp. 909-914, Sept. 1988.

2., J. T. Barr and M. J. Pervere, "A generalized vector network
analyzer calibration technique," 34th ARFTG Conf. Dig. (Ft.
Lauderdale, FL), Dec. 1989,

3. A. Davidson, K. Jones, and E. Strid, "LRM and LRRM calibrations
with automatic determination of load inductance," 36th ARFTG Conf.
Dig. (Monterey C€a), Nov. 1990, pp. 57-62.

4. R. B. Marks and D. F. Williams, "A universal waveguide circuit
theory," submitted to J. Res. Natl. Inst. Stand. Technology.

5. R. B. Marks, "A multi-line method of network analyzer calibra-
tion," IEEE Trans. Microwave Theory and Tech., vol. 39, pp. 1205-
1215, 1991.

6. D. F. Williams and R. B. Marks, "Transmission line capacitance
measurement," IEEE Microwave and Guided Wave Letters, Vol. 1, pp.
243-245, Sept. 1991.

7. R. B. Marks -and, D. F. Wllllams‘ "Characteristic impedance
determination using propagation . constant measurement," IEEE
Microwave and Guided Wave Letters, Vol. -1, pp. 141-143, June 1991.

8. D. F. Williams anu R. B. Marks, "Translate LRL and LRM
calibrations," Microwaves and RF, vol. 30, no. 2, pp. 78-84, Feb,
1991.

9. R. Furlow, R. Y. Shimoda, D. F. Williams, R. B. Marks, and K.
C. Gupta, "Benchmark for the validation of microwave CAD software "
38th ARFTG Conf. Dig. (San Diego CA), Dec. 1991.



y 4 S ——

&—=& measured
o——0 gstimate

65

Re(Z) (Q)

50 i L 2 5 1 H " " . L I A 1 i i | . el 1;.
0

Frequency (GHz)

Figure 1. The real part of the estimated reference impedance of

the LRM;,,, calibration and the measured real part of the impedance
of the match used in that calibration are compared. Due to its
method of fabrication, the small resistor used as a match displays
a complicated behavior as a function.of frequency.
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Figure 2. Estimates of the reference plane position of an LRRM and
an OSLT calibration are plotted as a function of fregquency. The
reference plane position plotted corresponds to the distance in
front of the physical beginning of the benchmark calibration
standards, as indicated in the sketch in the upper right hand
portion of the plot.
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Figure 3. e(50 0,1y) for the’ LRM,sphirar OSLT, LRRM, and TRL
calibrations. The calibrations are compared to a 50 ! benchmark
calibration whose reference plane has been set at the estimated
reference plane position 1. The deviations depend ‘both on

frequency and calibration type.
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Figure 4. €(Z,1) for the OSLT and LRMym. calibrations.

Comparison to Figure 3 shows that the deviations in these calibra-
tions cannot be ascribed to a simple shift of reference plane and

impedance.





